OBJECTIVE: Diabetes in Asia constitutes approximately half of the global burden. Although insulin resistance and incidence of type 2 diabetes differ substantially between ethnic groups within Asia, the reasons for these differences are poorly understood.
INTRODUCTION
Diabetes in Asia currently constitutes approximately half of the global burden and the diabetes prevalence in Asia is expected to increase rapidly to 4200 million people by 2030 (Western Pacific and South-East Asia regions combined). 1 At the same time, ethnic disparities in diabetes prevalence exist between ethnic groups in Asia. For example, Asian Indians in Singapore have a substantially higher prevalence of diabetes mellitus (15.9%) than Malays (11.4%) and Chinese (6.4%). 2 Insulin resistance is closely associated with type 2 diabetes mellitus (T2DM) and marked differences in insulin resistance have been observed between ethnic groups. 3 Asians, and particularly Asian Indians, have been shown to be more insulin resistant for a given degree of adiposity as compared with whites. 4 Substantial differences in insulin resistance may also exist between ethnic groups in Asia, with Asian Indians having worse insulin resistance and glucose tolerance than Chinese and Malays. 5 However, the reasons for these ethnic differences are poorly understood.
Obesity is a well-established risk factor for insulin resistance and T2DM and abdominal fat in particular is closely related to insulin resistance. 6 Asian ethnic groups differ from each other in body composition 7 and this may contribute to ethnic differences in insulin resistance. However, this does not fully explain the ethnic difference in insulin resistance. In Singapore, for example, Malays have the highest levels of adiposity, but not the highest levels of insulin resistance. 5 Adipokines, which are cytokines secreted by adipose tissue, and inflammation are key contributors to insulin resistance. 8 Adiponectin is an adipokine for which circulating levels decrease with increasing adiposity and are consistently inversely associated with insulin resistance and risk of T2DM. 9 C-reactive protein (CRP) is an acute-phase protein that serves as an important marker of systemic inflammation and is related to insulin resistance. 10 Asian Indians have been shown to have lower adiponectin levels 4,9 and higher CRP levels 11, 12 as compared with whites. However, so far no study has evaluated whether adiponectin or CRP can explain differences in insulin resistance between ethnic groups in Asia.
The objective of this study is to use path analysis to evaluate to what extent body fatness, adiponectin levels, CRP and their interconnections mediate the relation between ethnicity and insulin resistance in an Asian context.
SUBJECTS AND METHODS

Study population
We conducted a cross-sectional analysis based on data from the Singapore Prospective Study Project (SP2). Participants of SP2 previously participated in cross-sectional studies carried out from 1982 to 1998, namely the Thyroid and Heart Study (1982--1984) , 5 the National Health Survey (1992), 13 the National University of Singapore Heart Study (1993--1995) 5 and the National Health Survey (1998). 14 Each of these studies was based on a random sample of Singapore residents with the minority groups (Malays and Asian Indians) being over-sampled. From 2003 to 2007, all 10 747 participants from these studies were invited to participate in this study. Of these, 559 subjects had deceased at the time of study, 6 emigrated and 102 were excluded because of errors in their identity card numbers. Qualified subjects were contacted to administer a questionnaire at their homes and 30 of the 7774 contactable participants refused to participate. The remainder was invited to a health screening, which 5164 subjects attended. For the current analysis, we excluded 13 subjects with missing anthropometric data, 664 subjects who had a history of diabetes mellitus, cancer or cardiovascular diseases (including coronary heart disease, stroke, and transient ischemic attack) and 2 women who were pregnant. Of the remaining 4485 participants, blood samples were available for 4461 subjects of whom we excluded 296 because of missing data for homeostatic model assessment-insulin resistance (HOMA-IR), CRP, or adiponectin concentrations. In addition, we excluded 1 subject without gender information, 2 subjects whose ethnicity was not Chinese, Malay or Indian, and 26 subjects missing smoking or alcohol information. As a result, we included 4136 subjects in the data analysis (online Supplementary Figure 1) .
Ethics approval was obtained from the Singapore General Hospital and the National University Hospital Institutional Review Boards.
Data collection
Height was measured using a wall mounted measuring tape and weight was measured using a digital scale. Waist circumference was measured midway between the lower rib margin and the iliac crest and hip circumference was measured at the widest point over the greater trochanters. Body mass index (BMI) was computed as weight (kg) divided by height square (m 2 ). Demographic data including ethnicity and lifestyle information such as smoking status and alcohol intake were assessed using standardized questionnaires. Total physical activity was measured using a locally validated questionnaire covering activity in four domains (household, occupational, leisure-time and transport).
Fasting blood samples were analyzed for glucose using enzymatic methods (ADVIA 2400, Siemens, Germany), for insulin using micro-particle enzyme immunoassay (Abbot AXSYM, Abbott Laboratories, Chicago, IL, USA), for high-sensitivity CRP using an immuno-turbidimetric assay (Roche Diagnostics, Rotkreuz, Switzerland) and for total and high molecular weight adiponectin using an enzyme-linked immunosorbent assay (Sekisui Medical Co. Ltd, Tokyo, Japan). Insulin resistance was assessed by HOMA-IR calculated as: (fasting insulin in mIUl --1 Â fasting glucose in mmoll --1 )/22.5.
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The intra and inter batch coefficient of variations percent were as follows: glucose (2.5, 6.6), insulin (4.0, 4.5), total adiponectin (18.1, 15.9), high molecular weight adiponectin (6.8, 18.3) and CRP (0.6--1.3, 2.3--3.1).
Statistical analysis
Outliers were defined as observations beyond the mean ± 4 s.d. and were truncated to the cutoff values. For normally distributed variables, one-way analysis of variance was used to examine differences in characteristics according to ethnicity and pair-wise differences were examined using Student's t-tests. For non-normally distributed variables, the Kruskal--Wallis equality-of-populations rank test was used to examine differences according to ethnicity and pair-wise differences were examined using two-sample Wilcoxon rank-sum (Mann--Whitney) tests. Chi-square tests were used to compare proportions of categorical variables. To reflect body fat distribution independent of overall body fatness, we calculated BMI-adjusted waist and hip circumferences using the residual method. BMI-adjusted waist circumference (waistR) was derived by regressing waist circumference on BMI and saving the residuals as a new variable. BMI-adjusted hip circumference (hipR) was derived in a similar way.
Pearson's correlation coefficients with age adjustment were calculated for selected anthropometric variables and metabolic risk factors. Multiple linear regression analysis was used to assess the associations between ethnicity and insulin resistance and the extent to which this association could be explained by anthropometric variables and CRP and adiponectin concentrations.
Path analysis is an extension of regression analysis that simultaneously performs a series of regression analyses in complex networks. It is suitable to elucidate complicated inter-relationships between exposure variables of interest, multiple potential mediators and health outcomes. 16, 17 In our study, path analysis was carried out to evaluate mediators of pair-wise ethnic differences in insulin resistance. A hypothetical model was proposed based on previous biological knowledge of the relationships between ethnicity, insulin resistance, adipokines and inflammation. We performed path analysis based on the full hypothesized model and paths with nonsignificant path coefficients were removed to form a reduced model. Path analysis was performed again based on the reduced model. By multiplying the path coefficients, effect sizes (total, direct and indirect) were calculated and were also presented as percentages of the total effect of ethnicity on insulin resistance. Model fit in comparison with the saturated and independent models was assessed based on the Bayesian Information Criterion.
Amos 18.0 (ref. 18) was used to run the path analysis and STATA/SE 10.0 (Stata Corporation, College Station, TX, USA) for other analyses. All statistic tests were two-sided and the level of significance was set at a ¼ 0.05. Table 1 shows the characteristics of the study population according to ethnicity. The degree of insulin resistance as reflected by HOMA-IR was highest in Asian Indians, intermediate in Malays and lowest in Chinese. CRP was higher in Asian Indians and Malays than in Chinese, and Indian women had particularly high levels of CRP. Total and high molecular weight adiponectin were highest in Chinese and lowest in Asian Indians when women were compared, but these ethnic differences were less marked among men.
RESULTS
Risk factors for insulin resistance according to ethnicity
BMI was lowest in the Chinese and was similar for Malays and Asian Indians. However, Asian Indians had a larger waist-to-hip ratio (WHR) and a larger waist circumference than Malays and Chinese. WHR was not significantly different between Chinese and Malay men. Chinese had the lowest physical activity level for both men and women. Malay men were more likely to be cigarette smokers than Indian or Chinese men, but were less likely to consume alcohol. Few women smoked cigarettes or consumed alcohol.
Correlations between anthropometric and metabolic risk factors Age-adjusted correlation coefficients for the key variables in this study are shown in Table 2 . Adiponectin, CRP and HOMA-IR all had a higher correlation with BMI and waist circumference as compared with WHR. Waist circumference, but not hip circumference, remained substantially correlated with adiponectin, CRP and HOMA-IR after adjustment for BMI. We therefore focused on BMI and BMI-adjusted waist circumference for subsequent analyses. Furthermore, we used total adiponectin instead of high molecular weight-adiponectin for further analysis because the two were Total adiponectin, mg highly correlated (r ¼ 0.89 in men and 0.93 in women) and total adiponectin had a higher correlation with HOMA-IR.
Association between ethnicity and insulin resistance We examined the association between ethnicity and insulin resistance and potential mediators using linear regression analysis (Table 3) . Ethnic difference in insulin resistance between Malays and Chinese disappeared after adjusting for BMI and waist or only BMI (result not shown). The difference in HOMA-IR between Asian Indians and Chinese was also reduced after adjusting for BMI and waist, but remained statistically significant. Further adjustment for adiponectin and CRP levels explained slightly more of the ethnic difference in HOMA-IR.
Path analysis of the mediating factors for ethnic differences in insulin resistance The hypothetical model (online Supplementary Figure 2A ) was based on prior knowledge of the inter-relationships between the variables in this study. The ethnic differences in insulin resistance could be direct as represented by the arrow pointing directly from ethnicity to insulin resistance. Alternatively, the differences could be indirect, mediated by body fatness alone or through adiponectin or CRP. The indirect effect could also bypass body fatness, indicating mediation through adiponectin or CRP independent of body fatness. In a simplified model (online Supplementary Figure 2B ) only key variables are shown. Figure 1 shows the results of path analysis carried out for each pair of ethnic groups and separately for men and women. We created reduced models by removing nonsignificant paths, which are represented by the dotted arrows in the figure. Based on Bayesian Information Criterion, each of the reduced models had a better model fit as compared with respective saturated model.
The effect of ethnicity on insulin resistance when Malays were compared with Chinese could be fully explained by the considered mediators as indicated by the nonsignificant direct path between ethnicity and HOMA-IR (Figures 1a and b) . In addition to body fatness, CRP, but not adiponectin, also contributed independently to the greater insulin resistance in Asian Indians as compared with Chinese (Figures 1c and d) . For example, in women, the mediating role of CRP was represented by the path from ethnicity to CRP with a path coefficient 0.15 and the path from CRP to HOMA-IR with a path coefficient 0.11. Multiplying 0.15 and 0.11 gave the indirect effect of ethnicity on HOMA-IR through CRP. In agreement with the similar BMI of Asian Indians and Malays, the nonsignificant path between ethnicity and BMI suggested that the difference in insulin resistance between Asian Indians and Malays was not mediated by BMI (Figures 1e and f) . Instead, abdominal adiposity contributed to the greater insulin resistance in Asian Indian men and women as compared with their Malay counterparts. In women, but not in men, independent effects of adiponectin and CRP also contributed to this ethnic difference in insulin resistance. Table 4 shows the effect sizes of ethnicity on insulin resistance including the direct effect, indirect effect through potential mediators, and the total effect, which is the sum of the direct and indirect effects. The higher degree of insulin resistance in Malays as compared with Chinese was fully mediated by BMI, with BMI alone accounting for 85.2% of the total effect in men, 81.8% in women and the rest mediated further through adiponectin and CRP. Interestingly, when Malay men were compared with Chinese men, BMI-adjusted waist had a negative effect, suggesting a difference in fat distribution had a beneficial effect on insulin resistance in Malays. Similarly, the negative independent effect of adiponectin in women suggests that after adjusting for body fatness, Malay women experienced a beneficial effect of higher adiponectin levels on insulin sensitivity as compared with Chinese women. In contrast, the difference in insulin resistance between Asian Indians and Chinese was only partly explained by BMI alone (32.9% in men and 48.5% in women). Differences in abdominal Abbreviations: BMI, body mass index; CRP, C-reactive protein; WaistR, waist circumference residual (adjusted for BMI). The ethnic group mentioned second in each pair-wise comparison is used as the reference group.
b The minus sign is in accordance with the sign of the effect and indicates the effect is in the opposite direction. adiposity, as reflected by BMI-adjusted waist, explained more of this ethnic difference (6.1% in men and 3.5% in women). It appeared that adiponectin's mediating role was not independent from BMI and abdominal adiposity. Comparing Asian Indians with Malays, abdominal adiposity instead of general adiposity contributed to the greater insulin resistance in Asian Indians as compared with their Malay counterparts, with the BMI-adjusted waist alone accounting for 16.2% of the total effect in men and 8.9% in women. Substantial independent mediating effects by adiponectin (12.8%) and CRP (14.8%) were observed in women, but not in men.
DISCUSSION
Our study examined the mediating effects of body fatness, adiponectin and CRP in the differences of insulin resistance between three major ethnic groups in Singapore. Asian Indians were most insulin resistant, Malays had intermediate levels, and Chinese were the least insulin resistant. The role of mediators differed by ethnic comparison. The difference in insulin resistance between Malays and Chinese appeared to be fully mediated by the greater general body fatness of the Malays. In contrast, fat distribution, inflammation and unidentified factors also contributed to excess insulin resistance in Asian Indians as compared with Chinese and Malays.
BMI alone accounted for a substantial proportion of the observed difference in insulin resistance between Asian Indians and Chinese. A smaller proportion was attributable to effects of adiposity through adiponectin and CRP and effects of CRP independent of BMI. The difference in insulin resistance between Asian Indians and Malays was partly accounted for by abdominal fat distribution but not by BMI. A substantial independent contribution of adiponectin and CRP to Indian-Malay differences in insulin resistance was observed in women, but not in men. Effects of abdominal adiposity on adiponectin levels also appeared to contribute to the difference in insulin resistance between Indians and Malays. This observation reflects the association between abdominal fat distribution, measured as BMI-adjusted waist circumference, and lower adiponectin levels in our study. In line with this finding, results from previous studies in Asian populations suggest that intra-abdominal fat may reduce adiponectin levels to a greater extent than subcutaneous fat, 19--21 although other studies did not support this. 22, 23 Previous studies on ethnic differences in insulin resistance mainly compared various ethnic groups with whites who have consistently been observed to have the lowest level of insulin resistance among major ethnic groups for a given degree of adiposity. 24--26 Among the few studies that included multiple Asian ethnic groups, two Canadian studies 3,27 found higher insulin resistance in Asian Indians than in Chinese, which is consistent with our results. The results of one of these studies 27 suggested that the differences in total body fat mass could explain the higher insulin resistance in Asian Indians as compared with Chinese. In our study, the difference in insulin resistance between Asian Indians and Chinese partly remained after adjusting for BMI and waist circumference. This discrepancy in results might be due to the use of anthropometry instead of direct body fat measurements in our study or the relative small sample size in the previous study.
Insulin resistance in Asian Indians has been extensively studied, because this group is known to be highly susceptible to developing T2DM. 24,28--31 Several studies have shown greater insulin resistance in Asian Indians as compared with whites for a given BMI. 26, 32 For the same BMI, Asian Indians tend to have a higher level of body fatness than whites. 33 However, several studies using direct measurements of body fatness showed that Asian Indians were more insulin resistant than whites for the same level of total body fat. 27, 31 Having an abdominal fat distribution appears to contribute to the greater insulin resistance in Asian Indian. 6, 34, 35 In a study in the United Kingdom, Asian Indians had a larger WHR and were also more insulin resistant at every level of WHR as compared with whites. 28 Differences in adipocyte cell size 31 and a higher ratio of total body fat to lean mass 27 have also been suggested to contribute to greater insulin resistance in Asian Indians. Furthermore, Asian Indians have been shown to have a lower adiponectin levels 3, 24, 26, 29, 30, 36 and higher CRP levels 30, 32, 37 as compared with whites independent of BMI. In addition, dietary factors may contribute to the higher susceptibility of Asian Indians to developing type 2 diabetes. For example, it has been suggested that poor maternal vitamin B12 status during pregnancy, which is common in Indian populations, contributes to a higher risk of type 2 diabetes in the offspring. 38, 39 Several studies in the United States have also demonstrated greater insulin resistance in East Asians as compared with whites for a given BMI. 25, 40, 41 For example, Chinese-American and Japanese-American women were more insulin resistant than white women after adjusting for waist circumference in a large cross-sectional study. 40 Asian Americans have also been shown to be more likely to develop T2DM than whites after adjustment for BMI. 42 Lower adiponectin levels in East Asians may contribute to these ethnic differences in insulin resistance and T2DM. Lower adiponectin levels have been reported in Japanese men as compared with white American men despite lower levels of adiposity 43 and in Korean men and women as compared with BMI-matched whites. 44 In a Canadian study, Chinese had lower adiponectin levels than whites in both men and women after adjusting for waist circumference. 3 In our study, we found a higher degree of insulin resistance and unfavorable metabolic profiles in Malays as compared with Chinese, whereas Malays were less insulin resistant as compared with Asian Indians. Ethnic Malays represent millions of people from different Southeast Asian Island populations including Malaysians, Filipinos and Indonesians who are experiencing a rapid increase in chronic disease burden. 45 Studies have demonstrated that overall ethnic Chinese from East Asia and Malays from Southeast Asia were genetically closer than Asian Indians. 46 More specifically, although culturally distinct, Malays in Singapore had a greater genetic similarity with Chinese than Asian Indians. 46, 47 Greater general adiposity of Malays as compared with Chinese explained their greater insulin resistance in our study and targeting excess weight gain in Malays should have high priority in public health efforts for chronic disease prevention. 45 Compared with ordinary regression analysis, path analysis has the advantage that it allows examination of the potential causal processes underlying an observed relationship and to estimate the relative importance of alternative paths of influence in a complicated system. 16 Particularly, path analysis also allows a disentanglement of the direct and indirect effects, which can provide more insights into the complicated relationships.
Our study had several limitations that need to be considered. First, adiposity was assessed by anthropometry instead of direct techniques, which are more accurate but were not feasible in our relatively large study. Therefore, we were not able to measure adiposity in different depots and differentiate visceral abdominal fat from subcutaneous fat. Second, insulin resistance was measured by HOMA-IR, which is a reliable indicator, 46 but still a proxy as compared with the 'gold standard', the hyperinsulinemic euglycemic clamp. Third, the hypothetical model was proposed based on previous research findings, but the studied risk factors might not be in the causal pathway toward insulin resistance or type 2 diabetes. The cross-sectional study design did not allow us to establish temporal relationships. Finally, other adipokines and inflammatory markers such as retinol binding protein-4, interleukin-6, leptin and resistin may contribute to ethnic differences in insulin resistance and were not measured in our study. 47 In summary, our results suggest that the higher degree of insulin resistance in Malays compared with Chinese was due to general adiposity. When Asian Indians were compared with Chinese, greater general adiposity, abdominal fat distribution, and higher CRP independent of adiposity appeared to contribute to the greater insulin resistance in Asian Indians. These findings indicate that determinants of differences in insulin resistance between Asian ethnic groups differ markedly according to specific ethnic groups that are compared. A large proportion of the difference in insulin resistance between Asian Indians and Chinese and Asian Indians and Malays remained unexplained. Thus, more research is needed to identify additional contributors to the greater insulin resistance including genetic and epigenetic factors 48 in Asian Indians who are at high risk for T2DM. However, our results do suggest that interventions that reduce generalized and abdominal adiposity and to a lesser extent those that reduce generalized inflammation and increase adiponectin, can address ethnic disparities in insulin resistance among Chinese, Malays and Asian Indians.
